were produced by correlation coefficients proximately in the region of highest signal intensity, typically on the primary visual cortex, for the measurement greater than 0.75. The arrows in Figure 1B show the Gennari line (Gen) of striate cortex, and the lunate and of signal intensity) and contrast-to-noise (CNR ϭ 45:1, ROI ϭ 89 voxels) of T 2 *-weighted images acquired using superior temporal sulci. The former covers an approximately 200 m thick lamina between the cortical layers high-resolution 5 slice EPI with an actual resolution of 250 ϫ 250 m 2 and a slice thickness of 720 m. Only IVA and IVC. It appears dark in T 2 *-weighted images because it contains a large number of horizontally arthe first three slices are shown. The bottom panels show correlation coefficient maps superimposed on the same ranged, myelinated axons (T 2 values are shorter for fat) from collaterals, horizontal axonal branches, and asthree slices. Robust activation was obtained in an experiment based on block presentation design. The stimuli cending ramifications of layer 4B spiny stellates. Roughly speaking, T 2 *-weighted images of cortical used to generate BOLD images of the visual cortex were polar-transformed checkerboard patterns (polar checks) slices are similar in contrast to histological images stained for myelin (e.g., Weil, 1928) . Figure 1C show a rotating at 60 Њ/s. The direction of rotation was reversed every second to minimize adaptation. An experiment low-resolution and contrast pilot scan that indicates the position of the slices. consisted of eight alternating ON/OFF epochs, each lasting 48 s. The images acquired during the first 6 s of Figure 2A shows another example of a T 2 *-weighted EP image obtained with an actual resolution of 125 ϫ each epoch were discarded; only steady-state magnetization data were analyzed. No spatial filtering was ap-125 m 2 and a slice thickness of 720 m. Here, too, the Gennari line of the primary visual cortex is clearly visible, plied to these data, and the activation maps were produced by crosscorrelating the observed signal at each as are the small cortical vessels that are known to vary in their degree of cortical penetration. The green arrows voxel in a group of images with a single reference waveform (Bandettini et al., 1993). The response function was show two vessels of Group 5 according to Duvernoy Figure 3A shows the fMRI correlation coefficient maps (in color) superimposed on the actual EPI (T 2 *-weighted) images of a monkey during visual block-design stimulation, while Figure 3B shows the signal modulation averaged across 24 voxels. Visual stimulation was the same as that described previously for Figure 1 . The sections are around the lunate sulcus; activation extends into the primary and secondary visual cortices (V1 and V2, respectively). SNR was 27:1 for an ROI 36 voxels large and placed over the high signal intensity region in the image; image acquisition time was 5.96 s. CNR was 21:1, with signal modulation varying from 2% to 7%; it was averaged for regions of interest approximately 15-24 voxels in size. In the experiment shown in Figure  3 , volumes of four slices 720 m thick were acquired with a FOV of 32 ϫ 32 mm 2 on a matrix of 256 ϫ 256.
Localization of Activity
Visual responses to a slowly moving bar with flickering texture were used to qualitatively examine the extent of BOLD activation and its spatial precision. The bar appeared in the center of the visual field and moved toward the periphery in 0.5Њ steps, reaching an eccentricity of 4.5Њ. Figure 4A shows the location of the ROI imaged in high resolution. The figure illustrates the orthogonal views of the monkey brain, with the green rectangle (with dashed contours) depicting the region for which functional maps were generated. The slice was selected on the basis of a pilot experiment using fullfield stimulation. Figure 4B shows the full-field stimulus and Figure 4D the elicited activation. Figure 4C shows the moving bar stimulus with flickering texture, while Figure 4E illustrates the activity patterns on the two selected slices, generated by the bar presented at different eccentricities. Note that activation moves along the operculum from an area close to the lunate toward the 1969a, 1969b). As can be seen in Figure 4E , and as shown by others (Deyoe et al., 1994, 1996; Sereno et al., 1995), activation in area V2 actually "moves" in the (Duvernoy et al., 1981) , which consists of arteries and opposite direction along the cortex and with respect to veins (the MR images show the veins). These vessels the fovea, because of the retinotopic organization of pass through the entire cortical thickness and vascuthis area, which is mirror-symmetrical to that of V1. larize both cortex and the adjacent white matter. Diameter measurements after methyl methacrylate injections show that the veins of this group may have an average Lamina-Specific Activation A further aim of this study was to examine spatial precidiameter of 120 m. The actual resolution of the presented image permits the visualization of susceptibility sion by attempting to visualize lamina-specific BOLD activation. About one third of the striate cells are direceffects produced by such tiny vessels. Figure 2B is When it was injected into the middle temporal visual ure 5C shows the z score map obtained by comparing the activation elicited by the moving stimulus to that area (MT), it revealed a tangential segregation of cell groups within 4B, some of which are connected to MT elicited by the blank screen. Activity in V1 was found to be mostly distributed in the middle and infragranular while others are not (for review, see Snowden, 1994). Thus, the number of directionally selective cells in area layers. Activity in V2, on the other hand, appeared to be concentrated in the supragranular layers of cortex. V1 may be underestimated due to sampling bias.
The purpose of this last experiment was to examine whether lamina-specific activation can be discerned by Discussion fMRI when comparing BOLD responses to moving stimuli with those elicited by flickering stimuli with the same The aim of this report was to introduce a novel technology for high-resolution functional magnetic resonance spatio-temporal parameters. Polar-transformed checkerboard stimuli were used which either rotated smoothly imaging in the nonhuman primate. We used intraosteally implanted RF coils to achieve sufficient signal-and conat 4 Hz or were counterflickered at the same temporal frequency. The direction of rotation was again changed trast-to-noise ratios for very high-resolution imaging that can be also combined with simultaneous electroevery second to minimize adaptation. A typical scanning session consisted of four repetitions, with every scan physiological measurements within the magnet (Logothetis et al., 2001). divided into four epochs lasting 48 s each. Image acquisition time was 5.96 s, so eight images were acquired In the functional imaging experiments presented here, we used exclusively echo-planar imaging, not only bein each epoch. In this block-design stimulation, moving and flickering stimuli were interleaved with a blank cause it is a very efficient means of acquiring complete images very rapidly, but also because the minimal image screen with the average luminance of the patterns (15.7 cd/m 2 ). Figure 5 shows the hemodynamic responses acquisition time and the short repetition times required by this protocol allow the direct comparison of the heobtained under these stimulation conditions. Figure 5A illustrates the plane of the slice selected for high-resolumodynamic responses with the underlying neural activation in simultaneous imaging and physiology experition imaging. The parameters of this scan were FOV ϭ ). This may be due to the complex gated scheme that was employed to simultaneously generate ronal stimulation is thought to lack spatial specificity at the columnar level. This has been ascribed to a nonspehigh temporal and spatial resolution using highly segmented EPI sequences. In this scheme, a single image cificity of the blood flow regulation at the columnar level is formed by combining different segments acquired in a presumably degraded by the veins that run across the layers (as shown in Figure 2A ). This nonspecific contrigated fashion after different presentations of the stimuli that are up to 64 s apart. Although a number of navigatorbution, however, is expected to be superimposed on BOLD contributions from capillaries that can provide echo based corrections were applied on the data, the segmented nature of acquisition may still be degrading layer specificity if the blood flow changes are regulated differentially at the level of cortical layers. Better layer the image. This will be examined in future studies utilizing methods and improved hardware that will enable specificity is anticipated with BOLD methods that avoid contributions from veins and are selective for capillaries, high-resolution fMRI studies in a single shot.
Spatial anesthesia breathing system. To bring the animal's brain as close two geometrically decoupled loops ( Figure 7A ) were driven 90Њ out of phase to achieve pseudo-quadrature leading to improved SNR, as possible to the magnet's iso-center in the posterior-anterior dimension, the rods were positioned in a U-shape rather than on the better B 1 penetration, and better B1 homogeneity than a single loop surface coil of similar dimensions. Figure 7A shows the circuit of perimeter of a circle. This arrangement provides 3 cm more space in the front part of the coil and shifts the most sensitive portion of a typical monkey-customized, large quadrature surface coil, while Figure 7B illustrates the T2* and MDEFT images that can be obtained the B 1 field in a posterior direction. The saddle coil was constructed from two 120Њ segments. Several sizes were built in order to maxwith this coil. The activation recorded with a 1 ϫ 1 ϫ 2 mm 3 resolution in response to a visual stimulus (a rotating polar-transformed checkimize signal-to-noise while imaging the individual anatomy of a particular size of monkey head/brain, and they were optimized either erboard pattern with 100% contrast) is superimposed on an anatomical scan. for very high sensitivity or for homogeneity over the entire region of interest or the whole monkey brain. Figure 6C shows an anatomiAll large coils (small surface coils are discussed below) used in the experiments were constructed of 10 to 12 mm wide, 0.5 mm cal 3D-MDEFT scan (see MRI Data Collection and Analysis) generated using the coil shown in Figure 6B . The images illustrate the thick fine-silver strips or of 4 mm diameter fine silver wire, with inserted ceramic capacitors. The coil wire and tune/match circuit excellent SNR and CNR that can be obtained in monkey fMRI with this type of volume coil.
assemblies were attached to a cylindrical acrylic former (120 mm or 125 mm diameter), which was usually mounted on a base rotating Table 1 shows the SNR obtained with different designs and coil sizes using a phantom (a glass cylinder 5 cm in diameter and 7 cm around the z axis in order to geometrically decouple the transmit coil from the receive coil (see, for example, Figure 6B ). high, containing agar in 0.5% saline) for quality testing. Coil tuning and matching was performed while visually monitoring the reflected With surface coils, the measured signal decreases as the distance of the coil from the ROI increases, while the noise detected by a signal using an RF network analyzer (Hewlett Packard, 8712ET). Shimming was done manually using a hard pulse with 50 kHz spectra coil increases with coil size. Therefore, small surface coils are often used in either human or animal studies to provide the highest possiwidth and 50 s pulse duration (full width at half maximum). SNR measurements were carried out using four equally sized ROIs in the ble SNR and allow the use of small voxel sizes in high-resolution imaging (e. Recently, a number of orthopedic bone cements (e.g., Palacos, Merck Biomaterial GmbH, Darmstadt, Germany) have also been 4.22) before the surgical procedure, taking into account local curvature of the bone and position of the area of interest, thereby defining used that consist of beads containing antibiotics such as gentamicin because such cements have a smaller number of free radicals and not only the stereotaxic coordinates of the coil center, but also the exact depth of the intraosteally groove within which the coil was they produce less heat during polymerization. In all cases, however, the polymerization process remains a strongly exothermic reaction placed. that can generate temperatures of up to 100Њ centigrade, which in were first precisely defined in space, taking additional implants and off-limit areas of the skull such as ridges and indentations into turn can result in thermal necrosis of the bone. In addition, free account, and subsequently used as fixed points for the construction monomers-even in reduced concentrations-are toxic and typiof the implants. cally result in skin irritation, inflammation, and shortly thereafter The surfaces of the primitives (cylinders, ellipsoids, extrusions) infections and implant rejection.
were first drawn on a plane, and then the contours of the implant's To tackle this problem, we developed various form-specific, contact surface and the vectors of the implant screws were deteracrylic-free, and MR-safe implants out of histocompatible materials mined on the mounting plate ( Figure 10B, middle left drawing) . The with the highest available mechanical strength, in order to use them mounting plates for the screw brackets were designed on the basis as either fixation devices or recording chambers in combined psyof these three-dimensional geometrical forms, taking into account chophysical, electrophysiological, and imaging experiments with (1) anatomical requirements such as rounded edges and bone thickalert, trained monkeys. A 5-axis Willemin W428 milling machine ness, (2) design requirements such as isodirectionality of surfaces, was used to produce the form-specific implants and to construct a degrees of freedom of the CNC (Computerized Numerical Controls) number of other MR-related devices as well. The Willemin W428 machine, etc., and (3) technical requirements (e.g., strain/stability permits the computer-controlled development and production of constraints). Primitives and partially calculated surfaces or shapes large, complex work pieces. The implants are modeled after the were combined and rounded to form the skull side of the implant. animals' skull form using anatomical MRI data. Typically, an anatom-A multi-modeling environment made it possible to include existing ical scan with isotropic, 0.5 mm voxel size (field of view 12.8 ϫ 12.8 implants (whether already in place or constructed but not yet imcm 2 , 256 ϫ 256 matrix, 160 slices) was made, and the brain and skull planted) in the calculations and, if needed, to model and build around regions were defined and extracted using standard morphological them. All coordinates were taken with respect to the Frankfurt zerosegmentation techniques ( Figure 10A) . plane, defined as the plane including the interaural line and the The volumetric data were subsequently converted by an adapt/ infraorbital ridge (depicted by saline-filled bar-markers in the MR deform algorithm into a set of geometric constructs (line segments scans). Figure 10B , right panel shows a computer rendered monkey or polygons) whose vertices were specified in a three-dimensional head with a portion of the skull above the lunate sulcus removed. space ( Figure 10B, left panel) . In addition, the exact position of the This kind of computer manipulation was used to guide the precise implant center was determined by specifying the coordinates of the placements of the implants. The lower right photograph shows exarea of interest (a particular skull position for headposts, and a brain amples of metallic (not used for the MRI experiments) and TecaPEEK region for recording chambers). Based on the coordinates of the implants. They were all secured with ceramic screws only (i.e., withimplant centers and the polygon vertices, a mounting plate was out dental acrylic). The computerized milling machine was also used generated and used as a central element for the construction (Figure  for the construction of the holders of the implantable coils (Figure 10C) . 10B, left panel). For a three-point head mount, the mounting points TecaPEEK percutaneous implants, although reasonably well tolslices were selected parallel to this plane. Typically the surgical procedure was carried out as follows. erated by the tissues, did not prove as good as the titanium implants. In contrast to the almost ideal skin-to-metal interface observed with
The monkey was generally placed in a reverse Trendelenburg position, with the surgical table tilted so the head was higher than the metallic implants, skin retraction was observed for most Teca-PEEK implants. It should be noted, however, that the tissue compatithe feet. The head was placed in the stereotaxic device so the back of the head was turned toward the surgeon. The body of the animal bility of metallic implants in our laboratory was enhanced by surfaceroughening (50-80 m pores) and coating them with hydroxylapatite was completely immobilized by a formable vacuum mattress (60 ϫ 80 cm). Following hair removal, small drapes (mud-flaps) were first (HA), which provides a biologically acceptable matrix for the deposition of new bone and the maintenance of intimate bone-implant placed around the site to be scrubbed, with particular care taken to protect the eyes. The surgical site was thoroughly cleansed with contact. This coating also proved beneficial for the metal-to-skin interface. A major drawback is that high-temperature coating is the rapid-acting antiseptic betadine (scrub solution, with 0.75% available iodine). The area was dried with the sterile towel, and typically required to avoid the separation of the hydroxyapatite from the titanium (plasma coating by Medicoat AG, Switzerland), which subsequently painted with betadine-paint solution (1.0% available iodine). Next, a fanfold sheet was unfolded by either the scrub nurse caused deformation of the plastic implants. We are currently investigating various types of enhanced TecaPEEK materials that may or the surgeon to cover the animal completely from just below the permit HA-coating for better tissue compatibility. margin of the utility drapes. A final drape with a sticky underside was placed directly over the incision site. The implant site was marked under stereotaxic guidance and based on anatomical inforSurgery and Surgical Anesthesia mation derived from MRI scans. In the fMRI experiments, the skull form-specific head-holder was For the headpost, a large semicircular incision (skin flap) was made out of PEEK (polyether etherketone; TecaPEEK, Ensinger, made, looping caudally to expose the skull. The skin flap was turned Inc., Nufringen, Germany) and implanted stereotaxically on the craforward and wrapped with saline-soaked gauze. Hemostasis was nium of each animal under general anesthesia (balanced anesthesia accomplished mechanically with hemostatic clips and/or electroconsisting of isoflurane 1.3% and fentanyl 3 g/kg I.V. injections, cautery. The headpost was placed in position and the screw locawith 1.8 l/min N 2 O and 1.0 l/min O 2 ) using aseptic techniques. The tions were marked with a sterile skin marker. Holes were drilled and implant was secured with custom-made ceramic rather than titapreliminary titanium screws were inserted in the marked positions nium screws (zirconium oxide Y 2 O 3 -TPZ 5 ϫ 1, Pfannenstiel, Gerto avoid straining the ceramic screws during the initial fitting of the many). During the experiment, a custom-made restraining device implant. After placing all titanium screws, one screw at a time was mounted on the MRI chair held the animal's head. The Frankfurt removed and replaced with the same size ceramic screw. zero-plane, including the interaural line and the infraorbital ridge, was at an angle 20Њ off the horizontal plane, and all transverse NMR The surgery for the RF coil involved making an incision on the posterior part of the skull. The skin was undermined and reflected min after supine re-positioning (Logothetis et al., 1999). For the protocol used in these experiments, all stress hormones were found laterally by gently rolling it over a skin towel or gauze sponge to prevent interruption of its vascular supply along the base of the to be within the normal limits. In fact, the concentrations of noradrenaline and adrenaline during the experiments were only 10% and pedicle. Again, cutaneous hemorrhage was controlled mechanically by ligation and electrocautery using a monopolar (Bovy) or bipolar 4%, respectively, of those measured when the control blood samples were taken from awake animals. Dopamine was observed only coagulator. The superficial occipital and auricular muscles were elevated with periosteal elevators to expose the occipital and pariin the control blood samples. etal bones. A groove of approximately 1.5 mm depth was made with a trephine (л 18 mm or 22 mm, 2.5 mm wall thickness [ Figure 10D] ).
Optical Corrections
Following the restraint of the animal, two drops of 1% ophthalmic Both the RF coil and its form-specific holder were then placed at the desired coordinates and angle. The RF coil holder was secured solution of the anticholinergic cyclopentolate hydrochloride were instilled into each eye to achieve cycloplegia and mydriasis. Refracwith screws at its base, while the coil itself was held in place by a set of binders. Subsequently, the muscle, the fascia, and the skin tive errors were measured after the induction of paralysis, approximately 1 hr after the application of cyclopentolate. Subsequently, were sutured and the monkey was removed from the stereotaxic instrument and allowed to recover. The animal was postsurgically contact lenses (hard PMMA lenses by Firma Wö hlk, Kiel) with the appropriate dioptric power were used to bring the animal's eye to treated with iodine spray and with antibiotics (enrofloxacin; Baytril TM ) and analgesics (flunixin; Finadyne vet.), both given subcutaneously focus on the plane at which the stimuli were to be presented. The eyes of the monkeys were kept open with custom-made irrigating for several days postoperatively. It was furthermore held in a specially designed recovery chair for a few days before being returned lid specula to prevent the drying of tissues. The specula were constructed so as to irrigate the eye at the medial and lateral canthus, to the animal quarters.
with a saline infusion at a rate of 0.05 ml/min. Anesthesia for fMRI After premedication with glycopyrolate (I.M. 0.01 mg/kg) and ketaGeneration and Positioning of the Visual Stimulus The visual stimulator was a dual processor Pentium II workstation mine (I.M. 15 mg/kg), a 20G intravenous catheter was introduced into the saphenous vein, and the monitors (HP OmniCare/CMS; running Windows NT (Intergraph Corp., Huntsville, Alabama) and equipped with two VX113 graphics subsystems. The screen resolu-ECG, NIBP, CO 2 , SpO 2 , temperature) were connected. The monkeys were preoxygenated and anesthesia was induced with fentanyl (3 tion of each subsystem was reduced to 640 by 480 pixels and the frame rate to 60 Hz. All image generation was in 24 bit true color, g/kg), thiopental (5 mg/kg), and succinylcholine chloride (3 mg/ kg). Following the intubation of the trachea, the lungs were ventilated using hardware double buffering to provide smooth animation. The stimulation software was written in C/OpenGL with a client driver using a Servo Ventilator 900 C (Siemens, Germany), maintaining an end-tidal CO 2 of 33 mmHg and oxygen saturation over 95%. Balspecific for Intergraph hardware. The two 640 ϫ 480 VGA outputs were use to drive the left-and right-eye liquid crystal displays (LCD) anced anesthesia was maintained with end-tidal 0.35% (0.23 MAC for macaques) isoflurane in air and fentanyl (3 g/kg/hr). Muscle of a fiber-optic system (Avotec, Silent Vision, Florida). Each LCD had a resolution of 832H ϫ 624V, and a field of view (FOV) of 30H ϫ relaxation was achieved with mivacurium (5 mg/kg/hr). Body temperature was kept constant, and lactated Ringer's solution was 23V degrees of visual angle, focused at 2 diopters. The effective resolution, 530H ϫ 400V fibers, was determined by the fiber-optic given at a rate of 10 ml/kg/hr. Intravascular volume was maintained by administering colloids (hydroxyethyl starch, 30-50 ml over 1-2 projection system. Binocular presentation was accomplished with two independently positioned plastic, fiber-optic glasses. Positionmin as needed). Emergence from anesthesia was typically without complications and lasted an average of 30 min. The paralytic and ing was aided by a modified fundus camera (Zeiss RC250) that permitted simultaneous observation of the eye-fundus and a 30H ϫ fentanyl were stopped, and ventilation was lowered to stimulate spontaneous breathing. When spontaneous respiration was assured 23V degrees calibration frame. This process ensured the alignment of the stimulus center with the fovea of each eye. and the CO 2 was below 40 mmHg, the trachea was extubated. During the entire experiment, the vital signs of the monkey and the depth The timing of stimulus presentation and of the acquisition of images was controlled by a local network of three industrial PCs, each of anesthesia were continuously monitored so that we could always respond accordingly.
with one Pentium CPU (Advantec, Inc.) running the QNX real-time operating system (QNX Software Systems Ltd., Canada) and our The above protocol has been established as optimal for both imaging and for the elimination of any discomfort to the animal. It own software for experiment control and data acquisition. In timeresolved experiments, a pulse sent by the anesthesia machine trigis well known that discomfort or stress would be masked by muscle paralysis, raising the question of what levels of light anesthesia are gered a sequence of 32 dummy scans to avoid magnetization transients. Immediately after the last dummy scan, each excitation was appropriate to avoid suppression of cortical activity and reduce the anesthesia-depth-dependent breakdown of the brain's autoregulapreceded by a pulse signal that was acquired and stored by the state-system program running on the QNX computer. The latter tion, while ensuring the elimination of stress to the animal. In previous studies, stress was assessed by examining the concentration of controlled the presentation of the stimuli. When we used a block design for optical stimulation, each excitation was also preceded plasma catecholamines (adrenaline, noradrenaline, and dopamine) under different anesthesia protocols during five critical manipulaby a pulse signal. The first pulse signal initiated the stimulation and the following ones were counted by the state-system program to tions of the animal: immediately after intubation and stereotaxic positioning, 20 and 120 min after upright positioning, and 0 and 20 ensure the precise timing of stimulus presentation.
